This paper presents the results of a quantitative and qualitative evaluation of a dynamic curve warning system deployed at one site on Interstate 5 in Oregon. On a dynamic message sign, the system displays messages directed to drivers on the basis of the observed speed of approaching vehicles. For the evaluation, three measures of effectiveness were selected: (a) the change in mean speed for passenger cars and commercial vehicles, (b) the change in the speed distribution for both passenger cars and trucks, and (c) public response to the sign. Speed samples were taken of vehicles with a laser ranging and detection device recording both speed and distance information over 7 days: four in the before period and three in the after period. The quantitative evaluation indicated that the advanced curve warning system was effective in reducing the mean speeds of passenger cars and trucks by approximately 3 mph for the southbound direction and 2 mph for the northbound direction. After the system was installed, the distribution of vehicle speeds was statistically different, with a lower number of vehicles in the higher speed bins. Because the system was installed only recently, crash reduction impacts have not yet been evaluated. Intercept surveys of motorists at nearby rest areas revealed a positive perception of the system. Overall, the results of the evaluation indicate that the advanced curve warning system is effective.
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Interstate highways, with their high design standards, are the safest facilities for highway travel in the United States, as measured on a per mile driven basis. With the most recent data available for Oregon (2002), the fatality rates for urban interstates and rural interstates were 0.31 and 0.32 per 100 million vehicle miles traveled (MVMT), respectively. By comparison, the fatality rate for rural highways in Oregon was 2.67 per 100 MVMT. Total crash rates (including fatal, injury, and property damage only crashes) are also lower for freeway facilities (1) . Interstate facility designs rarely violate driver expectations, which is one key factor that contributes to their safety performance. However, when drivers encounter highway segments that have substantially different design features than adjacent freeway sections, their expectations are likely to be violated. In general, expectancy violations produce driver errors and longer reaction times, and they are often associated with crash-prone locations (2, 3) . To maintain adequate safety performance, such locations typically require additional guidance for drivers in the form of warning signs and other traffic control devices,. When excessive or inappropriate speeds are combined with unusual geometric features, the crash problem can be compounded.
Geographic and economic constraints have often required unusual geometry on some sections of the Interstate system. Despite additional warning signs and other modifications, some curve and downgrade locations continue to exhibit higher-than-expected crash frequencies, particularly for large trucks. In response, states have deployed intelligent transportation system (ITS) technologies to enhance the effectiveness of static warning devices on the Interstate system (4, 5) . Many of these deployments have been directed at improving truck safety for long downgrades or reducing rollover potential on curves (6) (7) (8) (9) (10) (11) . At curve locations, typical dynamic curve warning systems can directly measure approaching vehicle speeds, weight, or height and then display a targeted message to the driver via a dynamic message sign (DMS).
The relative success of these systems in other states encouraged the Oregon Department of Transportation (ODOT) to design and implement an advanced curve warning system (ACWS) on Interstate 5 in an area known locally as the Myrtle Creek curves. This location consists of a series of curves that have presented a notable ongoing crash problem, especially for trucks. Using existing sign bridge structures, ODOT designed a customized system that measures the speed of oncoming vehicles using radar and displays customized warning messages to vehicles approaching the curve based on these observed speeds. This paper presents the results of a quantitative and qualitative evaluation that examined the before and after speed conditions at the Myrtle Creek site and implemented motorist surveys to gauge public perception of the signs' effectiveness. Because the system was installed only in March 2004, crash reduction has not yet been evaluated. In the following sections of the paper, brief summaries of previous applications of similar deployments are presented, followed by a site description of the Myrtle Creek curves. The study design, evaluation methodologies, and results of the before and after speed evaluation and motorist survey are then described.
OTHER DYNAMIC WARNING SYSTEMS ON INTERSTATES
Many of the ITS-type warning systems deployed on Interstates have been directed at improving the safety of large trucks (4) . One such system is aimed at reducing truck rollover crashes; another is aimed at reducing the speeds of trucks on long downgrades. Automatic truck rollover warning systems can vary, but most are designed to estimate the probability of a rollover based on real-time vehicular and environmental conditions and to display a warning if necessary. The most basic systems use speed as the only variable to determine the likelihood of a rollover. More advanced systems integrate truck speed, weight, and height into the rollover equation. Systems that incorporate more variables have been shown to be more effective and reliable at providing accurate warnings of potential rollovers (7 ) . Five dynamic warning systems were installed by the California Department of Transportation (Caltrans) on a section of Interstate 5 in the Sacramento River Canyon. These systems are similar to the one used at Myrtle Creek in that they also use a radar-based speed sensor and a DMS to relay warnings to speeding motorists. Speed reductions were found at three of the five locations. Approximately 72% of truck drivers surveyed indicated that they found the system helpful. Other state agencies have installed dynamic warning devices on freeway off-ramps. Texas installed a system on a freeway-to-freeway loop ramp and found it to be effective in reducing the speeds of those vehicles in the higher speed ranges (10) . Maryland and Virginia deployed a system that used weigh-in-motion, loop detection, and height sensors to provide directed warnings to trucks. In the 3-year period following installation, a reduction in the number of crashes from 10 to zero and a 25% reduction in speeds were found (11) .
Downhill speed warning systems designed to warn trucks about appropriate downhill speeds for long grades have also been deployed. Colorado installed a system in the Eisenhower tunnel on Interstate 70 before 5% to 7% downgrades. Using loop detectors and weigh-inmotion sensors, the system displays an appropriate downhill speed to heavy trucks based on their weight. The system appeared to significantly reduce downhill truck speeds (8) . In Oregon, ODOT designed and installed a dynamic downhill warning system on Interstate 84 in the northeast portion of the state. The system uses a DMS to display recommended speeds to trucks based on their weight, which is measured by a weigh-in-motion system. Motor carriers participating in Green Light, the state's electronic screening and credentialing program, are shown a customized message based on information read from a transponder. An evaluation of this system has apparently not yet been conducted (12) . Based on these experiences, ODOT designed and constructed its first dynamic curve warning system and has included this ongoing evaluation as an integral part of the system implementation.
SITE DESCRIPTION
The Myrtle Creek ACWS project is located in Douglas County, Oregon, on Interstate 5 between mileposts 107 and 109, a location regionally known as the Myrtle Creek curves. The curves are located in a 50-mph speed zone and are posted with an advisory speed of 45 mph for all vehicles in both directions. Approximately 0.5 mi upstream and downstream of the signs, the posted speed is 65 mph for passenger cars and 55 mph for trucks. In 2002, the average daily traffic was 16,750 vehicles northbound and 15,700 vehicles southbound. Trucks constitute 27% of total vehicles for both directions.
The static warning signing in place prior to the installation of the ACWS consisted of dual overhead horizontal alignment/advisory speed combination sign assemblies (MUTCD W1-2a) with four flashing beacons. A ground-mounted truck rollover warning sign was also present (Oregon OW8-12) slightly upstream of the sign bridge in the northbound direction and on the sign bridge support pole in the southbound direction. Chevrons (MUTCD W1-8) are installed through the curves in the northbound direction but not in the southbound direction. The before signage is shown in Figures 1 and 2 .
Geographical constraints-in this case, the canyon formed by the South Umpqua River-necessitated the current alignment when with three of them being severe. No fatalities were reported. Nearly 70% of the crashes involved only one vehicle and, accordingly, the most common crash type was fixed-object (45%), followed by noncollision (i.e., overturning) (24%). Weather conditions were not an obvious contributing factor; the crashes were equally split between dry and wet conditions. Only one snow-ice-related crash was reported. The crash rate for the short 0.5-mi section of the curves is 1.18 per MVMT over the 5-year period, well above the state average for rural freeways of 0.22 per MVMT. These results were strongly considered by ODOT when the decision was made to implement the ACWS at this location. More detailed data were obtained from the ODOT Motor Carrier Division for crashes relating to trucks between 1999 and 2003. These records, which include additional crashes not recorded in the statewide crash database, indicated 27 truck crashes during this 5-year period, with substantially more crashes in the southbound direction (17) than in the northbound direction (10) . The principal crash type was listed as overturning, with inappropriate or excessive speed as the primary contributing factor. The southbound direction, with the sharper alignment, had 11 overturning incidents.
INSTALLATION OF ACWS
The ACWS was installed for both northbound and southbound traffic in March 2004 and, following field testing, was made operational. The ACWS, as originally conceived, was to focus on trucks. Budget limitations, however, dictated that the system be designed to measure the speeds of all approaching vehicles, without discerning between autos and trucks. As deployed, the system conveys messages to all vehicles, much like the system deployed by Caltrans in Shasta County, California. The Myrtle Creek ACWS has the following key elements at each sign location: a DMS, a radar unit for speed measurement, a controller unit, and computer software to manage the speed inputs and (locally) modify the sign message. Fortunately, the existing overhead sign bridges had sufficient structural capacity to accommodate the DMSs without modifications (see Figures 1 and 2 ). For the northbound sign bridge, one of the W1-2a assemblies was removed to provide sufficient space for the DMS.
For speed measurement, a radar unit was used. The radar units were pole-mounted near the sign bridges on the right shoulders at heights of 20 ft above the pavement. The sensors use Doppler tech-nology to detect vehicle speeds and travel direction, which is important for filtering vehicles traveling in the opposite direction. The devices have two detection modes: strongest and fastest. Initially, it was desired that the radar unit measure the speed of the strongest target, with the hope that the larger vehicles (i.e., trucks) would be targeted. However, during field tests and after consultation with the unit manufacturer (MPH Industries, Inc.), the setting was switched to detect the fastest target. Throughout the duration of this study, the fastest mode was consistently selected for display on the DMS.
The DMS has three lines capable of displaying 12 characters each. The units were manufactured and integrated with the radar units by Daktronics, Inc., of Brookings, South Dakota. Each character is formed by a 5-diode-high × 7-diode-wide matrix of light-emitting diodes and is 18 in. high. The signs display three messages, depending on the prevailing speed detected: (a) the default message is displayed unless the radar unit detects vehicles traveling at or above 50 mph; (b) the warning message is displayed when one or more vehicles are detected traveling at or above 50 mph but below 70 mph; and (c) the excessive speed message is displayed when one or more vehicles are detected traveling at or above 70 mph. Table 1 shows the DMS messages for each panel, which are displayed for 2 s. The system displays the speed of the fastest vehicle in the detection range; thus, the possibility exists that a motorist in a slower-moving vehicle will see a message that displays the speed of a nearby faster-moving vehicle. How often this occurs was not studied as part of this research.
DATA
For this evaluation, three measures of effectiveness were selected: the change in mean speed for passenger cars and commercial vehicles, the change in the speed distribution for both passenger cars and trucks, and public response to the sign. Quantitative and qualitative evaluation techniques were used. Because the system was only recently implemented, its effects on crash performance are not reported. As part of the ongoing performance evaluation of this ACWS, continuing assessment of crash performance at this site is recommended.
Speed measurements were obtained in the field using an UltraLyte laser speed detection and ranging device. The UltraLyte device can detect vehicle speeds as well as the distance between the device and the target. ODOT's Research Unit provided two laser units and the Hewlett-Packard (HP) 48 calculators running SpeedStat DC software for data collection (13) . Speed measurements were taken separately for passenger vehicles (including light trucks and SUVs) and heavy trucks. Buses, motorcycles, single-unit trucks, and recreational vehicles were not sampled. For southbound traffic, data were collected from a vehicle parked in the ramp gore area, as shown in Figure 3 . This location was less than ideal because it was clearly visible to approaching traffic and has been used by Oregon State Police for enforcement purposes. The physical constraints of the site, however, provided few alternatives for data collection. To minimize sample bias, the vehicle was parked in the same location for all data collection days. For northbound traffic, data were collected from behind the concrete barrier approximately 420 ft downstream from the sign, as shown in Figure 3 . Some data were also collected at a location 114 ft upstream of the sign. In both locations, the person collecting data was relatively inconspicuous to drivers. Data collectors were instructed to select a target as far from their location as possible, acquire the target with the speed-detection device, record on the HP calculator whether the vehicle was a passenger or commercial vehicle, and follow the vehicle through the curves, obtaining a minimum of three speed and distance samples. For each positive return, the speed of the observed vehicle and the distance from the laser unit were recorded. As soon as the vehicle was out of range, data collectors were instructed to acquire the next feasible target. An attempt was made to balance target selection between passenger vehicles and trucks.
Seven data collection trips were made to the site during the study. Details from each data collection day are shown in Table 2 . Prior to installation of the ACWS, the research team made four visits to the site in October, November, and December 2003 to collect baseline speed data. After installation, the research team made three visits in May and July 2004 to collect comparison data. All data were collected during daylight hours between 10:00 am and 2:00 pm on Wednesday, Thursday, or Friday. Weather was essentially similar for all data collection days, although there were light, scattered showers on December 12, 2003. Altogether, 11 h of data were collected for the before period, and 17 h for the after period. As shown in Table 2 , a nearly equal number of commercial vehicle and passenger car samples were collected ("sample" refers to the speed and distance entries; there are multiple samples per vehicle).
Subsequent to the field work, speed data were retrieved from the HP calculators with the SpeedStat DC software and transferred to a spreadsheet for analysis. All speed and distance calculations were cosine-corrected based on the geometry of the data collection point, and all distances were converted relative to the location of the ACWS. During the data collection phase, some of the initially targeted vehicles exited the freeway or were obstructed by other vehicles as they traversed the curve. For this reason, any vehicle record that had fewer than three speed samples through the curve was removed from the data set. Following this data-cleaning phase, approximately 6,800 samples remained in the before set, and 11,600 in the after set.
As part of the qualitative portion of this evaluation, an intercept survey of motorist perceptions of the ACWS was conducted at the closest rest areas during the last three data collection days (only after the system was operational). For southbound traffic, the nearest rest area downstream of the curves was located at milepost 82, approximately 26 mi from the curve. For northbound traffic, the closest rest area was closed for construction; therefore, surveys were collected at the next available rest area, at milepost 143, approximately 35 mi from the curve. Surveyors set up a table in the rest area and had willing motorists fill out the survey, answering questions when needed. The survey consisted of 11 questions and took less than 2 min to complete. Questions asked about the recognition, importance, placement, and visibility of the ACWS. A total of 40 surveys were collected at the northbound rest area, and 47 at the southbound area.
EVALUATION
The following sections describe the analysis of and results for the three measures of effectiveness.
Change in Mean Speeds
Subsequent to data cleaning, all speed measurements were aggregated into 200-ft zones for commercial vehicles and passenger cars by direction. The number of samples obtained for each vehicle was not necessarily consistent, because each time a target was acquired, a data record for that particular location and vehicle speed was recorded. Other data treatments were tested, but given the data collection technique, 200-ft zones kept the number of multiple vehicle records in each zone to a minimum (desirable to avoid biasing a zone with multiple samples from slower-speed vehicles) while providing sufficient sample resolution for the analysis. In addition, the 200-ft zone provided sufficient fidelity to observe driver speed choice after the sign installation.
For each zone, the mean speed, standard deviation, and 95th percentile confidence intervals were calculated. These data are plotted for commercial and passenger vehicles for both directions in Figures 4 and 5. As shown in the figures, distances upstream of the sign are displayed as negative numbers. For purposes of display, the mean speed for each speed zone is plotted at the midpoint of that zone. For example, the mean speed for the zone that includes all speed samples with distances from the sign to 200 ft downstream is plotted at +100 ft. The before and after speed midpoints are slightly offset for plotting purposes. For each direction, the location of the beginning of the curve as measured from the ACWS was determined from the plan drawings. This distance is shown approximately on each chart in Figures 4 and 5 . The ODOT digital video log, updated June 24, 2004, was used to determine the approximate distance from which the ACWS would first be visible to most drivers. This is a subjective measurement and was conservatively estimated. However, this provides an indication of when the data could be expected to show changes in driver behavior.
The equality of means for the speeds of each vehicle class for each zone was tested using the t-test for significance. Results of the test are displayed in Table 3 . For both directions, shown in Figures 4 and 5 , the critical location for speed reduction is the location between the "sign visible" line and the "begin curve" line. It should be noted that all mean observed speeds lie above the posted advisory speed of 45 mph for the curve. The plots in Figure 4 for the sharper south-bound curve clearly show a change in vehicle speed for both passenger cars and commercial trucks. For the farthest upstream zones, the before and after mean speeds are not statistically significantly different, as indicated by t-tests in zones −1100, −900, and −700 in Table 3 for passenger cars. As drivers approached the sign, however, there was a statistically significant reduction in the mean speeds that appears to be associated with the presence of the ACWS (before speeds are similar when the sign is not visible). For commercial vehicles, the same speed trend is evident; however, the results are not as conclusive statistically. Only in the −1100 and −300 zones are the differences in speeds not significant. After the sign, starting in zone −100, all of the differences are statistically different. The maximum mean speed reduction, 3.3 mph for passenger cars and 3.0 mph for commercial vehicles, occurred in the zone immediately following the sign location.
The plots in Figure 5 for the northbound curve also display reductions in the mean speeds after ACWS implementation, but the clear driver reaction to the sign observed in the southbound direction is not evident. The after speeds are statistically significantly lower in all zones expect two (−700 commercial vehicles, and 700 commercial vehicles), making it difficult to conclude that speed reductions are attributable only to the ACWS. Part of the difficulty is related to the available data. Unlike for the southbound direction, the data collection point for the northbound curve was downstream of the ACWS; as a result, data points in advance of the sign were not as easy to collect. For example, in the −700 zone, only 21 before and 10 after samples were collected. However, the data in Figure 5 show speed reductions after ACWS deployment. There were maximum speed reductions of 2.6 mph for passenger cars and 1.9 mph for commercial vehicles. These data are consistent with those from the southbound direction.
Though these reductions in speed are small, they are statistically significant, as Table 3 clearly shows. For all vehicles, appropriate speed prior to the beginning of the curve has been related to the ability to safely navigate the curve (13) . The reductions are important in the southbound direction, where 11 overturning truck crashes were recorded over the past 5 years. Rollover crashes are particularly sensitive to speed and the loading configuration of the payload.
Change in Speed Distribution
The speed distributions were tabulated as a percentage of vehicles in each 5 mph speed category and are shown as histograms in Figure 6 . The frequency distributions were compared with the chi-square test for goodness of fit. Examination of the speed distributions shown in Figure 6 indicates a shift to the left in the after distributions relative to the before distributions for all four graphs. This shift represents a lower number of vehicles in the higher speed bins and, at least for commercial vehicles, a higher concentration of vehicles near the mean speed. The chi-square test indicated that all of these distribution shifts were statistically significant at a 95 percent confidence level.
Public Response
The motorist survey revealed a positive reaction to the ACWS. Results of the northbound and southbound surveys were similar. For the sake of brevity, detailed results are not discussed here, just the average response for both directions. Nearly all survey participants (85%) were driving a passenger vehicle. The majority of participants (80%) drive through the curves less than once per month and were on a pleasure trip (68%). Nearly every driver noticed the ACWS (95%), and 76% said that it displayed their speed; 84% of those thought that the sign information aided in their safe navigation through the curves. Given that this survey was conducted nearly 30 min after drivers encountered the sign, the large percentage of participants that recalled the ACWS is noteworthy. Perhaps, as expected, the majority of drivers claimed to have actually slowed down as a result of the ACWS (76%). Nearly half of those that did not slow down indicated that they were already traveling below the advised speed. A majority of drivers noted that the sign was placed in an adequate location (79%). The majority of those who thought otherwise (86%) believed that the location was too close to the curve. Motorists thought that the visibility of the message was adequate. A small percentage thought that the text size was too small. 
CONCLUSIONS
The results of the evaluation indicate that the Myrtle Creek ACWS is effective at reducing the speeds of the majority of vehicles entering the curve area. All three measures of effectiveness yielded positive results in this evaluation. In terms of mean speeds of vehicles traversing the curve, in the location between when the sign became visible and the beginning of the curve, both directions had statistically significant differences. Mean speeds of passenger cars and trucks were lower by approximately 3 mph for the southbound direction and 2 mph for the northbound direction. The speed distributions of both passenger cars and trucks were statistically different, and there were lower proportions of higher-speed vehicles. The study results may be limited in that temporal variations were not adjusted for in the before and after days. Experience with ODOT speed monitoring stations indicates that speeds in the summer months (when the after data were collected) are generally higher than the winter months (when the before data were collected). In addition, there was a systematic reduction in speed for all zones, suggesting perhaps that some of the speed reductions attributed to the ACWS were caused by other factors such as the presence of the radar detection device or increased traffic volumes. Because lower-profile, faster cars were hard to acquire as targets, some bias may have been introduced to the sample collection. Rather than aggregating mean speeds, future analyses may consider the individual speed profiles of vehicles. Overall, the primary motivation for installation is crash reduction. It is assumed that these speed reductions will translate to an actual reduction in crashes over time. With this in mind, it is suggested that the system be monitored for its impact on crash performance when sufficient data become available. Some improvements to the system could include supplemental variable messages for inclement weather. Currently, the system is not accessible remotely and is not part of the traffic management network. All changes to messages displayed by the DMS must be done at the site. Future implementation with central management capabilities is recommended. At this time, speed observations do not suggest that the upper bound for the default message should be changed; only a small percentage of vehicles were found to be traveling over 70 mph. A customized speed message is displayed for the majority of drivers and may help promote better speed compliance. ODOT should consider similar deployments at other hazardous curves and develop a robust methodology to identify candidate locations. 
